Both Zn2+ and Cda+ dopants on the A-sites in FeaOd lead to a loss in the furcation of the lambda anomaly at the Verwey transition but at markedly different dopant levels. Equilibrium adiabatic calorimetry from 5 to 350 K on new compositions of cadmium-and zincdoped magnetites, e.g. Cd0.002Fe2.99804 and Zno.oIFea.ssOr, permits an estimate of the mole ratios of Cd and Zn at which they have equivalent effects on the furcation of the lambda anomaly. These results are consistent with amechanism in which the furcation of the Verweytransition in doped samples depends linearlyon the deviationof the lattice constant from that of pure Fe304. Further studies on a deliberately oxidized sample demonstrate that the furcated lambda anomaly is characteristic of stoichiometric materials; apparently B-site vacancies have a much greater effect on the transition than A-site dopants. Heat capacities and thermodynamic properties of the three samples are summarized.
Introduction
Previous investigations have shown the characteristics of the low-temperature transition in Fe,O, to be very sensitive to the presence of small mole ratios of impurity ions.(lV5) This is so even when the impurity ions are diamagnetic and occupy the A-sites-which are not actively involved in the electron-ordering. In pure Fe304(6) the heat-capacity anomaly at the low-temperature phase transition is bifurcated. Upon the addition of small amounts of innocuous impurity ions-i.e. diamagnetic A-site occupants such as Zn2 ' and Cd2+--the furcation is observed to vanish. The temperatures of the peaks in the lambda anomaly and enthalpies of transition depend sensitively on the mole ratio and kind of dopant ion, but all of the variations in the characteristics of the transition appear to be interpretable in terms of an increase in the lattice constant and perhaps a decrease in the concentration of the itinerant electrons.
In the present study, samples of Cd,,,,,Fe,.,,,O, and Zn,~,,,Fe,.,,O, were investigated by adiabatic-jacket calorimetry to determine the critical mole ratios of Cd and Zn for the disappearance of the furcation. Previous measurements of zincand cadmium-doped samples have shown that the furcation of the heat-capacity anomaly vanishes between 0.005 and 0.066 Zn per Fe,O,, whereas even for the lowest dopant level of 0.005 for cadmium, the furcation was already absent. Thus, in the present investigation we have sought to determine the lowest cadmium dopant level at which the furcation is still retained and the mole ratio of Zn between 0.066 and 0.005 at which the furcation just vanishes. In addition, the Cdo.oozFez.99804 sample was oxidized to a small extent in a pure COz atmosphere at 1623 K in order to determine the effects of vacancies at B-sites in mole ratios comparable to those of the Cd and Zn dopants, i.e. about 0.03 per Fe,04.
Experimental CALORIMETRIC TECHNIQUE
Heat-capacity measurements were made in the Mark-II adiabatic cryostat over the range 5 to 350 K. Details of cryostat construction and measuring-circuit calibration have been described.(') (Samples were loaded into the gold-plated copper calorimeter W-30 which has an internal volume of 18.9 cm3 and an axial entrant well for the thermometer + heater assembly.) After evacuation the calorimeter was filled each time with a small pressure of purified helium gas to enhance thermal contact and equilibration between calorimeter, sample, and the heater + thermometer assembly. After establishing the temperature of transition within 1 K, transition regions were determined in detail by one or more series of determinations with increments of between 0.1 and 0.2 K. Carefully selected temperatures enabled determination of the temperature of the transitional heat-capacity maxima to within +O.Ol K. Individual enthalpy determinations were bracketed by short energy inputs. End-point adjustment were made to the enthalpy determinations for uniformity.
The measured heat capacities were corrected for the heat capacity of the empty calorimeter, which was determined in a separate series of experiments. Slight adjustments were also made for differences in the amount of gaseous helium used with the calorimeter when it was run empty and when it was run with various Fe,O, samples. 
were dry-mixed in an agate mortar and loaded into a vitreous-silica ampoule which was then evacuated to 10e6 kPa and sealed off. The free volume in the silica ampoules was kept to a minimum by means of fillers of pure vitreous silica rods. The ampoule and contents were fired at 1370 K for 8 to 24 h. After grinding and sieving (to 7.5 pm or less), the sample was compressed in a carbide die; and the resulting pellet was loaded in a silica ampoule as described above. The sample was fired at 1370 K for 24 h and quenched, and the surface layers were removed. This sample is designated as Cd(0.002-I). Sample Zn(O.010) was fired similarly at 1370 K.
Sample Cd(O.OOZII) resulted from Cd(0.002-I) after refiring in 100 kPa of COz at 1623 K. For the binary Fe + 0 system, firing in pure CO, at 1593 to 1665 K leads to a magnetite phase with an average n(Fe2" +Fe3+)/n(Fe2*) of 3.01."' Thus, the Cd(0.002-II) sample is very slightly oxidized and can be described as a solid solution of 0.9963Fe30, and O.O03y-Fe20, (i.e. Fe 2.9dIo.oo~A)~ assuming the very small amount of cadmium has no effect on the equilibrium n(Fe2+ -I-Fe3+)/n(Fe2+) ratios. Attempts to analyze for Cd by wet chemical methods consistently showed none to be present within detection limits of 16 x 10V6
Crystallographic analyses of all samples were made with a powder diffractometer using Fe Kcll radiation and an Mn filter. The diffraction patterns were obtained with a strip chart recorder and the lattice parameters deduced from high-angle lines exhibiting resolution of the ~1~ and ~1, peaks. The lattice parameters are listed in table 1.
An accurate knowledge of the chemical composition of the phases is essential to the goals of this study. Therefore wet chemical analysis and 57Fe Mossbauer spectra table 2) have been obtained. The n(Fe3')/n(Fe2') ratio (lo) 57Fe Mossbauer spectra are very sensitive to the and the relative integrated intensities of the A and B site patterns are accurate indicators of n(Fe3')/n(Fe2').
In earlier studies from this group (I' 3-5) n(Fe3+)/n(Fe2+) was determined by wet chemical analyses but recent determinations have proved unreliable. The area ratios in table 2 are in good agreement with those expected for stoichiometric magnetites. It is also noteworthy that sample Cd(0.002~II) shows a slight decrease in the B/A area ratio in keeping with the introduction of B site vacancies as a result of the slight oxidation, The line widths and other hyperfine interaction parameters for Zn(O.O1O) and Cd (0.002-I) are also those expected for stoichiometric [n(Fe3')/n(Fe2') = l] magnetites. Larger B-site linewidths for C(O.O02-11) provide confirmation of the slight oxidation of this sample.
These results permit an unambiguous consideration of the variations of the thermophysical values in terms of the sample compositions.
HEAT CAPACITIES

Results
Values for the individual determinations of heat capacity are presented in table 3 in chronological order so that the temperature increments used for the individual determinations within the series may be estimated from adjacent mean temperatures. An analytically determined curvature correction has been applied to the measured values of AH/AT in the non-transitional regions. These results are characterized by a standard deviation of approximately 5 per cent near 10 K, decreasing to 0.8 per cent at 20 K, and to less than 0.1 per cent above 30 K.
TRANSITIONS
The determinations of the AH,'s and AS,'s are presented in table 4. Portions of the experimentally determined heat capacities for both samples have been presented as a function of temperature in figures 1 and 2. As shown in figure 1, it has indeed been possible to synthesize cadmium-doped magnetite that exhibits a bifurcated heatcapacity anomaly. It is noteworthy that this sample was prepared in a manner nearly identical to that used previously for the pure magnetites and other doped magnetites listed in table 5. The AH,% of the two peaks are very similar to each other and qualitatively have an appearance almost identical to that of the Zn(O.OOS)-doped sample listed in table 5. However, the transition temperatures for the Cd(O.O02-I) sample are much lower than those for the Zn(0.005) sample. This result is in keeping with previous conclusions concerning the effect of cadmium on the transition. The heat capacity for the Zn(O.OlO)-doped magnetite is shown in figure 2 . It is noteworthy that the heat-capacity anomaly of this sample is not simple and exhibits an incipient furcation of the peak. Insight into the influence of vacancies on the lambda anomaly can be obtained from Cd(0.002-II). This sample differs significantly from earlier oxidized samples(") with respect to its low mole fraction of vacancies, i.e. about 0.06 per cent of the B-sites, and with respect to its being derived from a sample for which detailed thermodynamic data on the phase transition prior to oxidation exist. To our knowledge, detailed thermodynamic and crystal-chemical data have not been obtained prior to this work for both a very slightly oxidized magnetite and its stoichiometric precursor material. The loss in the furcation of the peak is obvious.
THERMODYNAMIC PROPERTIES
Fitting the heat-capacity values below 12 K and extrapolation below 5 K was made by the expression C, = aT 3/2 + bT3 suggested by Kouvel (12) and found to be con- table 6 . In general, the total thermal properties are conserved.
Discussion
As shown in table 5, the thermodynamic properties of the low-temperature transitions in Fe,04 are very sensitive to the presence of even small amounts of impurity ions. Significant among these results are the following. First, even for ions that are not expected to influence the transition directly, a substantial effect on the thermophysical properties is observed. Secondly, not only are there quantitative changes in the thermal properties of the transition but there are also qualitative changes. The most significant of these is the defurcation of the heat-capacity anomaly observed in pure Fe,O, as impurity ions such as Zn2+ and Cd'+ are added. While there are many features in the results in table 2 that can be discussed, in this paper we restrict our attention to the dependence on dopant mole fraction of the defurcation of the heat-capacity anomaly. It is observed that cadmium has a much greater influence than zinc on the occurrence of the furcation of the heat-capacity anomaly. For example, the Zn(O.005) sample still retains the furcation of the heat-capacity anomaly. On the other hand, the furcation is entirely absent in the Cd(O.005) sample. With zinc dopant, the defurcation in the heat-capacity anomaly vanishes between Zn(O.005) and Zn(O.066). From the results of the present investigation, the Zn mole ratio interval over which the defurcation occurs can be further narrowed to being between 0.005 and 0.010 per Fe304. Indeed, for a zinc mole ratio of 0.010, the lambda anomaly is not simple, exhibiting several shoulders and considerable broadening which we conclude to be incipient or vestigial furcation. A zinc dopant mole ratio of 0.01 per Fe,O, is therefore, quite close to the critical mole ratio for the transformation from a furcated to an unfurcated lambda anomaly. For cadmium, the critical mole ratio for the furcation of the heat-capacity anomaly is between 0.002 and 0.005 per Fe,O,. The furcation is quite pronounced in the Cd(O.002) sample and the critical mole ratio might, therefore, be somewhat larger than this. Thus a mole ratio 0.002 of Cd per Fe,O, has an influence on the furcation of the phase transition that is equivalent to that of a mole ratio of Zn of 0.010 per Fe,04. Thus, cadmium seems to be roughly five times as effective as zinc in causing the defurcation of the lambda anomaly associated with the Verwey transition.
The relative mole ratios at which Cd and Zn have equivalent effects on the phase transition provide some clue concerning the cogent crystal physical parameter. The crystal chemistries of zinc and cadmium in spine1 oxides are quite similar, except for the larger unit-cell volume associated with cadmium substitution. It is instructive to consider whether relative unit-cell volumes and, therefore, electron concentrations are consistent with the dopant levels at which zinc and cadmium have equivalent effects on the Verwey transition. For Fe,04, ZnFe204, and CdFezOh, the 300 K cubic lattice constants are 0.8396 nm, 0.8445 nm, and 0.869 nm, respectively. Assuming Vega&s law is obeyed for cadmium-and zinc-doped Fe,O,, at least for the low dopant levels considered here (compare reference 4), then the lattice-constant increment produced by the dopant is 0.0049 nm mole1 for Zn2+ and 0.0294 nm mol-r for Cd'+. Thus, the fact that Cd2+ is about 5 times as effective as Zn2+ in the obliteration of the furcation tends to correlate with the effect of the dopant on the linear dimensions of the lattice and not with the volume. If the relative influence of Zn2* and Cd2+ on the character of the lambda anomaly were to arise from the relative change in the concentration of itinerant electrons, the furcation of the heat-capacity anomaly would not be expected to vanish until the mole ratio of Cd was 0.008 per Fe30a, i.e. roughly four times the observed value.
The change in the lambda anomaly for sample Cd(O.OOZII) upon annealing in CO2 at 1623 K is remarkable. It is to be noted that this sample lost Cd at the higher annealing temperature and is, therefore, a pure Fe + 0 phase. The sample is expected to be slightly oxidized, however, to give a n(FeZf +Fe3+)/n(Fe2') ratio of 3.01. This corresponds to a mole ratio of vacancies of 1 x 10m3 per Fe,04 which is much less than the mole ratio of vacancies in other oxidized magnetites on which measurements of physical properties have been made. Cl ' ) Indeed, the vacancy content of this sample is similar to that of Cd and Zn contents of the doped magnetites.
In relation to these dopants, the effects of vacancies are, therefore, rather large; and it is quite clear that vacancies cannot be regarded as innocuous. They must influence the Verwey transition not only through changes in the conduction-electron concentration but also more directly via their effects on electron-phonon interactions. A recent publication (12) also refers to a loss of the furcation of the lambda anomaly upon annealing a single crystal sample of Fe,O, in apparent agreement with our observation. In this study, (12) it was concluded that the annealing had a direct influence on the transition through the removal of residual stresses. The loss of the anomaly for the single crystal Fe,O, could also arise, however, from changes in the sample stoichiometry as has been concluded in our investigation. The strain in our polycrystalline samples is expected to be much less than that in a single crystal grown according to Smilten ' (12) technique and the loss of the furcation s in Cd(O.002~II) sample cannot be due simply to the removal of strain. The substantially lower transition temperature of the Cd(O.002~II) is also at odds with an explanation of the loss of the furcation based on the presence of residual strain since in this case the transition temperature would be expected to increase upon annealing. It is also noteworthy that the enthalpies of transition of the single-crystal specimens showing evidence of residual stress were less than those for the samples reported on here.
It has been assumed that the effect of the stress is incidental to the thermal characteristics of the lambda anomaly at the Verwey transition. It is entirely possible, however, that the influence of an external stress on the phase transition may be similar to that occasioned by the changes in lattice constants resulting from the A-site dopants.
